(2) Quantitation of viral load by normalizing with an extrinsic control. Study design: A simple protocol combining a one-step multiplex reverse transcription-polymerase chain reaction (RT-PCR) with microsphere-based fluorescence detection was developed for norovirus GI and GII, rotavirus, astrovirus, sapovirus, and adenovirus. An extrinsic control, bacteriophage MS2, was spiked into each fecal sample before nucleic acid extraction to normalize between samples for the efficiency of nucleic acid extraction and amplification.
Background
Gastroenteritis is the second most common illness after the common cold. Globally diarrhea accounts for approximately 2 million deaths in children less than 5 years old, or 19% of total child deaths. 1, 2 Diarrheal pathogens include viruses, bacteria and parasites. Several studies have found at least one viral agent in about 43% of diarrheal specimens, with multiple agents seen in 11%. 3 Although rotavirus is generally the most common enteric pathogen Table 1 Primer and probe design for the 7-plex RT-PCR-Luminex assay.
Target region
Primer/Probe Sequence 
Nucleic acid extraction from fecal specimens
Total nucleic acid extraction was performed using the QuickGene RNA tissue kit SII. Briefly, the fecal sample was suspended in phosphate buffered saline (PBS) and centrifuged at 4000 × g for 20 min. 200 l of supernatant was added to 250 l of LRT lysis solution supplemented with 1% ␤-mercaptoethanol, vortexed, and 146 l of SRT solubilization solution added prior to incubation at room temperature for 10 min. 250 l of 70% ethanol was added and the samples were processed using QuickGene-810 system with a RNA Tissue protocol.
One-step RT-PCR amplification
Primers and probes (Table 1) Table 1 were used for adenovirus, norovirus GII, rotavirus, sapovirus and MS2. For norovirus GI, the probes were from Kageyama et al. 5 For astrovirus, we used the primer and probe sequences of Logan et al. because they had undergone validation. 9 For the multiplex RT-PCRLuminex assay the norovirus GI probe and the astrovirus sequences were redesigned.
Microsphere-based Luminex detection
Oligonucleotide capture probes (Table 1) were modified with an amino-C12 linker at 5 ends for covalent linkage to carboxylated microspheres (BioRad, Hercules, CA). Bead coupling and hybridization were performed according to published protocols. 10, 11 Samples were analyzed on the BioPlex 200 system (BioRad) with high RP1. Results were reported as median fluorescent intensity (MFI). MFI was calculated as MFI = MFI Analyte − MFI NegativeControl .
Extrinsic control
Bacteriophage MS2 (15597-B1 TM , ATCC, Manassas, VA) plaque forming units (pfu) were determined by plaque assays. PBS was used to make dilution to 10 7 pfu/l, and 1 l was added to each sample before extraction. 
Statistics
Receiver-operating characteristic (ROC) analysis was performed with PASW Statistics Software and used to define a cut-off in the MFI values to attribute positivity to viral pathogens in diarrhea cases, using singleplex qRT-PCR as gold standard. Data shown as mean ± SD unless otherwise indicated. Correlation among viral copy number, qRT-PCR Ct values and MFI from RT-PCR-Luminex assay was tested by regression analysis using Pearson's test.
Results

Viral gastroenteritis panel design
We started our development with multiplex qRT-PCR; however, it became technically arduous to multiplex in a single reaction with dozens of primers and probes. Thus we transitioned to a flow cytometry based Luminex assay that separated the multiplex PCR and detection steps. Because fecal samples are heterogeneous and rich in extraction and amplification inhibitors, an RT-PCR assay for MS2, an RNA bacteriophage, was developed and 10 7 pfu was spiked into each sample as an extrinsic control 12 to monitor the combined efficiency of extraction and amplification. MS2 was chosen because it has been used as internal control in similar studies and has not been found in human feces. 7,13,14,15
7-plex RT-PCR-Luminex assay is sensitive and quantitative
The sensitivity of the assay was first tested with analytical samples (rotavirus shown in Fig. 1 and the rest in supplemental Figure  S1 ). For this we used in vitro transcripts for RNA viruses and plasmid DNA for DNA virus 4, [16] [17] [18] and performed serial dilutions both in buffer and in a common fecal nucleic acid extract. Ct values from qRT-PCR showed an expected decrease with each log of virus copy number (R 2 = 0.96-1.00). The 7-plex RT-PCR-Luminex assay also exhibited linear fluorescence, however the fit was not as tight as qRT-PCR (R 2 = 0.82-0.95, P values between 0.0048 and 0.0002, curves not shown). Polynomial regression yielded a better fit for the RT-PCR-Luminex assay (Figs. 1 and S1, R 2 = 0.96-0.99) and was used to generate a standard curve for each analyte. The limit of detection of the multiplex RT-PCR-Luminex assay correlated to ∼10 2 -10 4 viral copies per gram of stool depending on the virus, Specifically, these included 29 qPCR positive specimens for rotavirus, 20 for norovirus GII, five for adenovirus, three for sapovirus, two for norovirus GI and 1 for astrovirus. Cut-off threshold values were determined by ROC analysis (see Table 2 ).
whereas singleplex amplifications, either detected by Luminex or qRT-PCR usually detected 5-50 times lower levels.
Performance in clinical specimens from patients with diarrhea
We then evaluated the assay on fecal specimens from 229 inpatients across all ages with diarrhea from Tanzania. Singleplex qRT-PCR was used here as the gold standard. By singleplex qRT-PCR, 53 (23.1%) were found to be positive for at least one of the 6 viral pathogens, of which more than half (54.7%) were rotavirus infection while 37.7% were norovirus GII. The incidences of the other viruses were much lower: 9.4% were adenovirus, 5.7% were sapovirus, 3.8% were norovirus GI and 1.9% was astrovirus. Seven mixed infections were detected: two for adenovirus and rotavirus, one for astrovirus and rotavirus, one for norovirus GI and GII, two for norovirus GII and rotavirus, and one for rotavirus and sapovirus. ROC analysis was performed to assign Luminex MFI cutoff values which yielded sensitivity and specificity of between 88% and 100% for each virus (Figs. 2 and 3 , Table 2 ). The cutoff values for norovirus GI, adenovirus, astrovirus, and Youden's index is an overall measure of diagnostic test accuracy and = sensitivity + specificity − 1, where 1.00 is perfect. 
Quantitation of the 7-plex RT-PCR-Luminex assay
We next examined the correlation between the MFI and the qRT-PCR Ct. This revealed a statistically significant correlation for norovirus GII and rotavirus (Fig. 4) . Data could not be evaluated for adenovirus, astrovirus, norovirus GI and sapovirus because of small sample size (n = 1-5). We then used the MFI values to approximate the viral loads based on the equations of Figs. 1 and S1 (note, viral loads were similar when the qRT-PCR Ct equations were used, data not shown). These viral load data for the norovirus GII samples are shown in Table 3 . Finally, by estimating the detected viral load of MS2 bacteriophage, and comparing this to the expected amount of spiked MS2 (calculated from MFI values of PBS samples spiked with the same amount of MS2), we were able to calculate an efficiency of nucleic acid extraction/amplification. This revealed significant variation in the efficiency of extraction/amplification between samples as others have reported. 7 We then adjusted the estimated viral load according to this efficiency ( Fig. 5 and Table 3 ). This refinement led to a significant shift in the order of viral loads, for example samples 11 and 12 had similar viral loads based on MFI but when adjusted for their efficiency sample 11 had nearly 1 log more norovirus.
We postulated that accurate quantitation of viral loads may be useful to predict etiology in mixed infections (Fig. 5) . Specifically we show three co-infections involving which revealed greater norovirus GII loads (vs. norovirus GI and rotavirus) and greater sapovirus loads (vs. norovirus GII). Finally, since standard curves with in vitro transcripts are impractical for field use, we examined whether a simple formula could predict the adjusted viral load and found a tight correlation between the MFI ratio and standard curve-derived viral load (Fig. 6 ). 
